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   Nanotechnology is the science and engineering of creating functional materials by 
precise control of matter at nanometer (nm) length scale and exploring novel properties at 
that scale. It is vital to understand the quantum mechanical phenomena manifested at 
nanometer scale dimensions since that will enable us to precisely engineer quantum 
mechanical properties to realize novel device functionalities. This dissertation investigates 
optical and electronic properties of compound and transition metal doped compound 
xii 
semiconductor nanowires with a view to exploiting them for a wide range of applications 
in semiconductor electronic and optical devices.  
In this dissertation work, basic concepts of optical and electronic properties at low 
dimensional structures will be discussed in chapter 1. Chapter 2 discusses the 
nanofabrication technique employed to fabricate highly ordered nanowires. Using this 
method, which is based on electrochemical self-assembly techniques, we can fabricate 
highly ordered and size controlled nanowires and quantum dots of different materials. In 
Chapter 3, we report size dependent fluorescence spectroscopy of ZnSe and Mn doped 
ZnSe nanowires fabricated by the above method. The nanowires exhibit blue shift in the 
emission spectrum due to quantum confinement effect, which increases the effective 
bandgap of the semiconductor. We found that the fluorescence spectrum of Mn doped 
ZnSe nanowires shows high luminescence efficiency, which seems to increase with 
increasing Mn concentration. These results are highly encouraging for applications in multi 
spectral displays. Chapter 4 investigates field emission results of highly ordered 50 nm 
tapered ZnO nanowires that were also fabricated by electrochemical self-assembly. 
Subsequent to fabrication, the nanowires tips are exposed by chemical etching which 
renders the tips conical in shape. This tapered shape concentrates the electric field lines at 
the tip of the wires, and that, in turn, increases the emission current density while lowering 
the threshold field for the onset of field emission. Measurement of the Fowler-Nordheim 
tunneling current carried out in partial vacuum indicates that the threshold electric field for 
field emission in 50-nm diameter ZnO nanowires is 15 V/µm. In this study we identified 
the key constraint that can increase the threshold field and reduce emission current density. 
xiii 
In Chapter 5 we report optical and magnetic measurement of Mn-doped ZnO nanowires. 
Hysterisis measurements carried out at various temperatures show a ferromagnetic 
behavior with a Curie temperature of ~ 200 K. We also studied Mn-doping of the ZnO 
nanowires. The room temperature fluorescence spectroscopy of Mn-doped ZnO nanowires 
shows a red-shift in the spectra compared to the undoped ZnO nanowires possibly due to 
strain introduced by the dopants in the nanowires. Finally, in Chapter 6, we report our 
study of the ensemble averaged transverse spin relaxation time (T2*) in InSb thin films and 
nanowires using electron spin resonance (ESR) measurement. Unfortunately, the 
nanowires contained too few spins to produce a detectable signal in our apparatus, but the 
thin films contained enough spins (> 109/cm2) to produce a measurable ESR signal. We 
found that the T2* decreases rapidly with increasing temperature between 3.5 K and 20 K, 
which indicates that spin-dephasing is primarily caused by spin-phonon interactions. 
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document.  
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CHAPTER 1: Introduction 
 
Nanotechnology is the science and engineering of creating functional materials by 
precise control of matter at nanometer (nm) length scale and exploring novel properties at 
that scale. In the last decade, there has been an explosion of new methods to synthesize 
nanoscale structures for electronic and optoelectronic devices [1-3]. There is also renewed 
interest in building nanoscale devices that offer unique electronic and optical properties as 
a result of precise engineering of the quantum mechanical phenomena manifested at 
nanometer scale dimensions [4-7]. This thesis work is grounded on the concept that 
nanowires (quasi one dimensional structures whose diameters are a few tens of 
nanometers, or smaller) will exhibit novel electronic and optical properties that can be 
harnessed to produce more efficient or better performing devices. Accordingly, we have 
focused on three distinct areas: optical devices, electronic devices (specifically field 
emitters that are the mainstay of vacuum electronics) and spintronics. We have examined 
the properties of self assembled nanoscale structures or thin films in all three of these 
areas. 
In the area of optics, quantum confined structures are expected to exhibit very 
different optical properties compared to their bulk counterparts and that can be exploited in 
the area of light emitting devices, high speed optical switches, photodectectors, etc. [8-11]. 
We fabricated and measured the photoluminescence (PL) spectra of undoped and doped II-
VI compound semiconductor nanowires and found tell-tale signatures of quantum 
confinement effects in the PL spectra. This is encouraging since it indicates that nanowires 
2 
fabricated by simple electrochemical self assembly (which is an inexpensive fabrication 
route with high throughput) do exhibit quantum effects and therefore their properties can 
be tailored to suit specific device objectives. We found evidence of size-dependent blue 
shift in the PL peak which provides a pathway for multi-colored displays, and a strong 
enhancement in the exciton binding energy, which makes these nanowires ideal elements 
for non-linear optical components such as multiplexers, limiters, mixers and frequency 
multipliers. 
In the area of electronics, we studied nanoscale field emitters which typically 
possess low turn-on voltage and high emission current. These have applications in flat 
panel display, e-beam sources and solid state lighting devices [12-14]. We found that 
indeed nanowire emitters have a large field enhancement factor because of the large aspect 
ratio, but very high density nanowire arrays are hamstrung by the mutual screening 
between closely spaced emitters, which reduces the overall emission current density. Thus, 
fabricating nanowire arrays with very high density is counter-productive in vacuum 
electronics.  
In the area of spintronics, we focused on InSb since it has strong spin-orbit 
interaction and a large Landé g-factor of -51. We attempted to measure the g-factor in 
nanowires since quantum confinement can increase or decrease the g-factor, but were 
unsuccessful in that attempt since nanowires contain too few spins to produce a detectable 
signal in our apparatus. Therefore, we concentrated on thin films of nanometer scale width 
and measured the g-factor from electron spin resonance spectra, as well as the ensemble 
averaged transverse spin relaxation time (T2* time) from the width of the ESR peak signal. 
3 
Spintronics has applications in non-volatile memory devices, quantum computing, and spin 
based transistors [15-20]. In all of these applications, the spin relaxation time is an 
important metric that determines the device performance. Our measurement of the T2* time 
seems to indicate that despite the fact that InSb has strong spin-orbit interaction and a large 
g-factor, it is not a material of choice for most spintronic applications since the T2* time is 
too small and decreases rapidly with increasing temperature possibly because the spin-
phonon coupling in InSb is strong.   
In the rest of this chapter, we elaborate on the three areas that we have focused on. 
 
 
Part 1:  
 
1.1 Low dimensional structures: Basic concepts 
 
In low dimensional structures, carrier motion is restricted in one, two or three 
dimensions. This is known as one- two- or three-dimensional quantum confinement. 
Nanowires experience two-dimensional confinement since carrier motion is restricted 
along two of the three dimensions and is free along the third. A quantum dot experiences 
three-dimensional confinement since carrier motion is restricted along all three 
dimensions. The Figure below shows the energy versus density of states from bulk to 
quantum dots. 
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The most important consequence of quantum confinement is that the energy dispersion 
relation and the electron (or hole) density of states are modified.  
 
 
 
 
Fig.1.1 shows the plot of Energy Vs Density of states from bulk to quantum dot 
 
 
In a nanowire, the electron energy E versus the wavevector kz in the free direction 
(assuming that the electron is free to move in the z-direction) is 
, ,
2 2 2 2 2 22 2
* 2 2 * *2 2 2n m kz
electrons in m z z
c c c
c x y c c
n n k kE E E E
m L L m m
π ⎛ ⎞= + + + = + +⎜ ⎟⎜ ⎟⎝ ⎠
h hh
(1.1)  
where *cm is the effective mass of the electron,  cE is the bulk conduction band edge (which 
would have been the conduction band energy in a three-dimensional structure at zero 
wavevector) and icE  is the energy at the bottom of the i-th electron subband. Each subband 
5 
is indexed by two indices n and m since there is quantum confinement along both the x- 
and the y-directions. The value of icE  depends on the transverse dimensions Lx and Ly, and 
increases as these dimensions shrink 
A similar relation holds for the holes. 
, ,
2 2 2 2 2 22 2
* 2 2 * *2 2 2n m kz
holes in m z z
v v
v x y c v
n n k kE E E
m L L m m
π ⎛ ⎞= − + − = − −⎜ ⎟⎜ ⎟⎝ ⎠
h hh
              (1.2) 
where *vm is the effective mass of holes (different for light- and heavy-holes). The subband 
energy bottom ivE is also different for light- and heavy-holes since it depends on the 
effective mass. The bulk valence band edge energy vE  is the same for both light- and 
heavy-holes since these two hole bands are degenerate at zero wavevector (Brillouin zone 
center). 
The effective bandgap in a nanowire 
n,m,0 n,m,0
nanowire electrons holes bulk
g blue-shift
bulk bandgap blue-shift energy
= - = - + = +Δi ic v c v gE E E E E E E E+123 14243     (1.3) 
Evidently, the effective bandgap in a nanowire is larger than the bulk bandgap by an 
amount blue shift−Δ = i ic vE E+ , which depends on the transverse dimensions of the nanowire 
since both icE and 
i
cE depend on the transverse dimensions Lx and Ly. It increases with 
decreasing dimension. Thus, nanowires of smaller diameter should exhibit a larger blue-
shift in the photoluminescence peak frequency fpeak since it is related to the effective 
bandgap according to  
6 
                                                 
nanowire
peak ghf E=                                               (1.4) 
 
1.11 Excitons 
 
When a photon is absorbed in a semiconductor, an electron is excited from either the 
light- or the heavy-hole band to the conduction band, leaving behind a hole in the valence 
band. The electron and the corresponding hole form a bound electron-hole pair held 
together by Coulombic attraction. The binding energy between the two opposite charges is 
e2/4πεn2(2aB) [n is an integer], where ε is the permittivity of the semiconductor and aB is 
the effective Bohr radius of the exciton which is the average physical separation between 
the electron and hole in the semiconductor. In many bulk semiconductor materials, 
excitonic behavior is not observed in the absorption or PL spectra at room temperature 
because the exciton binding energy is less than thermal energy kT (kT = 26 meV at room 
temperature). In that case, thermal fluctuations disrupt the attraction between the electron 
and hole, break them apart, and create a free electron and a free hole that are no longer 
bound to each other. This process is known as exciton ionization. At low temperatures, 
excitonic effects may be observable since the binding energy may exceed kT, so that the 
exciton is not immediately ionized. The binding energy state of an exciton is given by the 
Rydberg formula [21]. 
                                                   
2
28b B
eE
a nπε=−                                                   (1.5) 
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where aB is the exciton Bohr radius and n is an integer. The Bohr radius can be written as 
                                                  2
24
em
a
eff
o
hπε=                                                            (1.6) 
 
where meff is the reduced mass of electron and hole, meff = (1/me+1/mh). The Bohr radius is 
directly proportional to the dielectric constant of the material, so high dielectric constant 
material will have large exciton Bohr radius.  
   In a nanowire of diameter d, the carriers are confined in a potential well of width d. 
If d < aB, then the electron and hole wavefunction will overlap more strongly compared to 
bulk since the electron and hole are “squeezed” into a space of physical dimension smaller 
than the effective Bohr radius.. Therefore, the effective Bohr radius should be replaced by 
d in the expression for the binding energy, which means that the binding energy increases 
in a nanowire. If that happens, excitonic features can be observed at higher temperatures 
since the binding energy may still exceed kT at the higher temperatures. Moreover, at any 
given temperature, the exitonic feature will be stronger and more discernible because of the 
enhanced binding energy. 
 
1.12 Quantum Confined Stark Effect 
In this section we discuss the emission or absorption spectra of nanowires in the 
presence of an electric field. If an electric field is present, it applied equal and opposite 
forces on the electron and hole in an exciton since these two particles are oppositely 
charged. This tends to break the two particles apart, resulting in the formation of a free 
8 
electron and a free hole, i.e., exciton ionization. The field can ionize the excitons as long as 
there is no confinement in the direction of the field. If a confinement exists, then the field 
cannot push the electron and hole apart since the confinement squeezes the two particles 
together. Therefore, the exciton survives the field. However, the field skews the 
wavefunctions of the electron and hole in opposite directions (i.e. the field still causes 
increases the average separation between the electron and the hole) which reduces the 
binding energy somewhat. When the electron and the hole ultimately recombine, a photon 
is emitted. The emission peak frequency in this case is not given by equation (1.4), but by 
the modified equation  
                                         
nanowire
peak g bhf E E= −                                       (1.7)  
The electric field reduces both nanowiregE and bE , but the former by a much larger amount, so 
that the peak frequency is red-shifted. More importantly, the emission intensity is 
proportional to the square of the overlap between the electron and hole wavefunctions. 
This overlap decreases since the electric field skews the wavefunctions of the electron and 
the hole in opposite directions. Therefore the emission is quenched in an electric field, 
despite the quantum confinement. This effect is called as “Quantum confined Stark effect” 
(QCSE). The figure below shows the effect of an electric field, which skews the electrons 
and hole wavefunctions. 
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Fig. 1.2 (a) The wavefunction of electrons and holes in the absence of applied field, (b) 
effect of applied field pushes the electron and hole wavefunctions in the opposite direction. 
 
We will discuss the theoretical analysis of the exciton resonance in the presence of 
a transverse electric field in quantum well structures where there is confinement along only 
one direction (the case of nanowires is slightly more complicated, but similar, since there 
is additional confinement along one more direction). The Hamiltonian for this problem can 
be written as  
ehhzez HHHH ++=                                                                 (1.8) 
where each term in the right hand side can be expanded as, 
(b) F = 0 (a) F ≠ 0 
10 
ezee
ee
ez eFzVzm
H ++∂
∂−=
⊥
)(
2 2
2
*
2h
                                                   (1.9) 
                          zhhh
hh
hz eFzVzm
H −+∂
∂−=
⊥
)(
2 2
2
*
2h
                                                  (1.10) 
( )[ ] 2122
2
2
22
42 rzz
e
r
H
he
eh +−
−∂
∂−=
πεμ
h
                                       (1.11) 
 
where Ve(ze), Vh(zh) are the confining potentials for the electron and hole in the quantum 
well, ze, zh  are the z-coordinates of the electron and hole, *⊥em , 
*
⊥hm  are the effective 
masses of the electron and hole, respectively (in the z-direction), ( )**** / hllellhllell mmmm +=μ  
is the reduced effective mass in the plane of the layers, and r is the relative distance 
between the electron and hole in the (x,y) plane. These equations can be solved 
numerically to estimate the red-shift in the emission peak frequency and the reduction in 
the intensity as a function of the electric field. 
An approximate solution can be found analytically by assuming temperature and 
carrier concentrations are low enough so that only the lowest subband for electrons and 
heavy holes are occupied. The applied d.c. electric field pushes the electrons to the left due 
to the electrostatic force and holes to the right. Thus, their wavefunctions becomes skewed. 
First-order time-independent non-degenerate perturbation method can be used to get 
distorted wavefunctions for both electrons and holes. Expanding the electron wavefunction 
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in a complete orthonormal set using unperturbed wavefunctions as the basis functions, we 
get:  
⎟⎠
⎞⎜⎝
⎛=
W
xn
Wn
πφ sin2                                                         (1.12) 
∑ Φ=Ψ
n
nndistorted c                                                           (1.13) 
where Φn is the unperturbed wavefunction in the n-th electron subband. The distorted 
wavefunction can be expanded as 
.......
.......
2
3
2
2
2
1
332211
+++
+Φ+Φ+Φ=Ψ
ccc
ccc
distorted
                                  (1.14) 
We can also calculate the co-efficients Cn from standard perturbation theory: 
 )()( ''111
'
1
1 nnn
nn
HEHE
H
c
c
+−+=                             (1.15) 
where H’ is the perturbation term and En are the electron subband energies. The general 
expression for H’n1 is  
∫ ⎟⎠
⎞⎜⎝
⎛⎟⎠
⎞⎜⎝
⎛=
W
n xdxW
x
W
xn
W
qH
0
'
1 sinsin
2 ππε
                       (1.16)  
Evaluating the above equation, we get H’n1=0 for n= 3, 5, 7… etc i.e. for all “odd” values 
of n. There is a physical explanation for this. We are trying to calculate the distorted 
wavefunction by mixing the subband wavefunctions in appropriate proportions, where Cn’s 
12 
are the weighting factors in this mixing, to get Ψdistorted.  Initially the wavefunction is 
symmetric and when a field is applied, the wavefunction becomes asymmetric. In order to 
introduce asymmetry to the lowest subband wavefunction by mixing higher subband 
wavefunctions, one must introduce only wavefunctions for n= 2, n= 4 etc in the mixture, 
since their wavefunctions are asymmetric. The wavefunctions for odd values of n are 
symmetric and therefore contribute nothing to making the wavefunction asymmetric. 
Consequently C3= C5=… 0 for odd values of n and Cn is not zero for even values of n. 
Calculating all the Cn’s and substituting in equation (1.13) we get the distorted 
wavefunction for electron and hole.  
 
The strength of the radiative recombination is proportional to the square of the overlap 
integral. The applied electric field decreases the overlap integral and correspondingly 
absorption or emission strength. The overlap integral is  
dxccdx
m
mm
h
n
nn
e
holeelectron ∑∫ ∑∫ =ΨΨ φφ ***                          (1.17)  
and can be calculated from perturbation theory which yields the various C-s. Because of 
the orthogonality of the unperturbed wavefunctions, the above equation reduces to 
∑∫ =ΨΨ
m
m
hole
m
elec
holeelectron ccdx
*
*                                       (1.18) 
Taking the modulus square of the above equation, we can get the absorption strength as a 
function of applied field.  The red-shift is electrons holesnn nn
n
H H+∑ , which can also be calculated 
from perturbation theory. 
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Fig.1.3 Graph shows the effect of quantum confined stark effect which shifts the emission 
peak to lower energy and at the same time reduces the emission intensity. 
 
1.13 Quantum confined stark effect due to built in charges 
In heterostructures, large built in charges are very common and in some cases the 
resulting built in field is large enough to cause Stark effect. Ref [22] reports giant Quantum 
Confined Stark Effect in AlGaN/GaN quantum well due to built in charges. The built in 
electric field is estimated to be around 3-5 MV/cm. It causes a distinct red-shift in the 
emission spectra. Sometimes this red-shift may be so strong that it overwhelms the blue 
shift due to quantum confinement and results in a net red-shift in the emission spectra. 
Thus, whenever a quantum confined structure exhibits a red-shift in the PL peak instead of 
the expected blue-shift, it is usually due the presence of a built-in field that induces the 
quantum confined Stark effect. This understanding will be critical in comprehending some 
of the results that we will present in Chapter 3. We have observed evidence of quantum 
14 
confined Stark effect in the PL spectra of nanowires housed within the pores of a porous 
alumina film. We believe that the electric field inducing this effect arises from the fixed 
charges in the alumina that are implanted during the anodization process used to create the 
porous film. This effect causes a pronounced red-shift in the PL peak. 
 
 
 
 
 
Fig. 1.4 Band diagram of nanostructure with out built in charges (left) and band edge is 
tilted and the energy levels are renormalized due to built in charges (right). 
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Part 2: 
1.2 Field Emission Theory: Basic Concepts 
 The concept of electric field induced electron emission from solids into a gas or 
partial vacuum was discovered in the early nineteenth century [23-24]. Initially, field 
induced emission was not popular because it required very high electric fields to induce 
appreciable emission current density in vacuum or gas, making it impractical for emitter 
technologies. It was later understood that engineering the topographical features of the 
emitting surface could ameliorate the above problem by enhancing the local field emission 
at the emitter tip and that considerably reduces the field strength needed to achieve 
appreciable emission current. This fueled a lot of interest in this area in the last few 
decades. It received a further stimulus with the advent of nanotechnology. Nanoscale field 
emitters show increased emission efficiency and have potential applications in electron 
beam sources, flat panel displays that can replace CRT and plasma display technologies, 
solid state lighting and high frequency traveling wave tube applications [12-14]. Field 
emitters are usually characterized by a Fowler-Nordheim tunneling measurement. 
Therefore, we discuss the theory of this tunneling mechanism in the next section and 
present the Fowler-Nordheim equation. 
 
1.21 Fowler Nordhiem Equation: 
 
Fowler and Nordhiem in 1928 [25] presented the first complete quantum 
mechanical formulation describing the electric field induced electron emission from a solid 
surface, which is still invoked to explain field emission results. In this model, electrons 
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within a metal or semiconductor can be visualized as a form of electron gas in which outer 
shell electrons are capable of moving freely under the influence of an applied electric field 
and are bound to the metal or semiconductor by an energy barrier at the surface (called the 
metal or semiconductor work function). The presence of an external electric field causes a 
deformation and thinning of the surface potential barrier at the metal surface. Since the 
surface barrier is thin, these conduction electrons will have enough energy to tunnel 
through the barrier in to the surrounding vacuum or gas environment, under the applied 
electric field. 
 
 
 
Fig. 1.5 Band diagram of electron energy of a semiconductor surface showed at various 
energies. This band diagram is taken from Ref [26]. 
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Let us discuss the derivation of Fowler-Nordhiem tunneling equation, initially assuming 
that the emitting metal surface lies perpendicular to the direction of current emission (x-
axis) as shown in the above figure. The equation for electron emission current density can 
be written as  
                                         ( ) ( ) xxxxx dNDJ εεε∫=                                         (1.19) 
where ( ) xxx dN εε is the density of electrons within metal with kinetic energy xε  and ( )xD ε  
is the probability of an electron tunneling through the surface barrier with kinetic energy 
xε .  The density of electrons can be obtained by solving the equation given below. 
( ) zyxzyx
kk
zyxxxx dkdkdkkgkkfdN
zy
εεεεε ),,(),,(
,
∫∫=          (1.20) 
where xg ε( ) xdε is the density of states within a unit volume and it is given by 
 
( ) zyxzyxzyx dkdkddkdkdkkg επεε h32
2),,( =                      (1.21) 
 
The probability of an energy state being filled is given by the Fermi-Dirac equation 
 
1
1)(
+
= −
TkB
F
e
f εεε                                               (1.22) 
 
where 
e
z
e
y
x m
k
m
k
22
2222 hh ++=εε . Substituting all the values in equation (1.22) we get, 
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1log4)( 3                 (1.23) 
At very low temperature (say T=0) the Fermi-Dirac distribution looks like a step function, 
so that the following approximation can be made: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
>
≤−=⎟⎟⎠
⎞
⎜⎜⎝
⎛ +
−
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Fx
ekT εε
εεεεεε
0
1log
              (1.24) 
 
The simplified equation for the density of electron is given below 
( ) ( ) FxxxFexx dh
kTmdN εεεεεπεε ≤−= 34)(                 (1.25) 
 
Now we need to determine D(εx), which is the tunneling probability of electrons with 
kinetic energy εx. Electrons will not have enough energy to escape from the surface of the 
solid because ground state electron energy in the solid is less than the energy of the free 
electron in vacuum. In order for an electron to be ejected from the surface, it must either 
surmount the surface potential barrier by gaining energy equal to or greater than that of a 
free electron in the surrounding medium or tunnel through the barrier. It can be achieved 
by applying an electric field at the metal surface that causes thinning of the potential 
barrier at the surface for the electron to tunnel through the barrier. The equation that 
describes the surface barrier potential by taking into account of electron image force is 
given below, 
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( )
x
eeFxExV
o
vac 44
1 2
πε−−=                                     (1.26) 
where x is the distance from the surface shown in the fig 1.5 and Evac is the vacuum energy 
level. We need to solve the one dimensional Schrödinger’s equation to determine the 
transmission probability coefficient, which yields the probability of an electron tunneling 
through the barrier. Using the Wentzel-Kramers-Brillouin (WKB) approximation for one 
dimensional Schrödinger’s equation, we can determine the transmission probability 
coefficient for an arbitrary potential barrier and the relevant equation is given below. 
[ ] ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−= ∫2
1
)(8exp)( 2
x
x
e dxxVmD εε h                            (1.27) 
where x1 and x2 are the zeros of the radical with x1 < x2, V(x) is substituted from equation 
(1.28). Now solving equation (1.21) after substituting the values of D(εx), N(εx) dεx will 
yield the Fowler-Nordhiem equation, which is given below  
( ) ⎟⎟
⎟
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24
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24
2
3
2
2
3 φ
φπ                            (1.28) 
In the above equation φ is the work function of the material, F is the applied electric field, 
and me is the effective mass of an electron. Ref [27] discusses a more accurate current 
density equation by varying the representation of energy barrier potential. However, the 
above equation is more commonly used to describe the field emission measurement of 
various materials and is adequate in most cases. 
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1.22 Local field enhancement factor: 
 Bulk materials require very high field of the order of 107 V/cm to generate 
reasonable emission current density. This can be overcome by modifying the emission 
surface so that the surface has sharp tips. This will concentrate the electric field lines at the 
tips, which increases the emission current density, while at the same time, reducing the 
threshold electric field for the onset of field emission. Nanowires are particularly suitable 
in this regard since the entire wire can be viewed as a tip. Larger the aspect ratio (length-
to-diameter ratio), more efficient will the emitter be. It has been shown experimentally that 
the emission current density is 2-3 orders of magnitude higher in nanowires compared to 
bulk materials for low applied electric field. The geometry of the nanostructures play 
significant role in enhancing the local electric field. The figure below shows the electric 
field lines emanating from tip of the nanowires for a given applied voltage in vacuum 
environment.  
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Fig. 1.6 Block diagram of field enhancement from the nanowire tip  
 
 
The most commonly used model to study the effect of nanostructures on applied field is a 
conductive sphere of charge Q suspended above a metal probe. The sphere has radius r and 
the metal surface is connected by a conductive path that has length h. When an external 
field is applied between two parallel plates, the potential at a distance h from the flat 
surface is given as 
                                                         hFa=ϕ                                                            (1.29) 
 If we assume that the charge Q is concentrated at the center of the sphere, then the 
potential due to the charge and field can be written from Coulomb’s law as  
r
Q
oπεϕ 4
1=                                                        (1.30) 
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oπε=                                                     (1.31) 
Now from the above equations we can rewrite the expression for the field, which is given 
as 
r
F ϕ=   or aFr
hF =  
aFF β=                                                          (1.32) 
 
In the above equation β is called the local field enhancement factor, which depends on the 
height and radius of the nanostructure. Fowler-Nordheim equation can be modified by 
taking the enhancement factor in account: 
( ) ⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛
=
a
e
a Fe
m
FeJ β
φβφπ hh 3
24
exp
24
2
3
22
2
3
                 (1.33) 
Usually Fowler-Nordheim plot is shown by plotting ln(I/F2) Vs 1/F. From the slope of the 
linear region of the curve, we can determine the field enhancement factor β. We will use 
this theory in Chapter 4, where we discuss nanowire field emitters. 
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Part 3: 
 
1.3 Spin life time studies: Basic concepts 
 
 When an electron with a definite spin polarization is injected into a solid, the spin 
gradually dephases with time owing to interactions of the spin with the environment. The 
mean time to dephase is called the dephasing time or transverse spin relaxation time (T2). 
In recent years, this has gained tremendous importance due to the role it plays in spin 
based quantum computing devices [28-29]. The probability that a spin-based qubit in a 
quantum logic device is corrupted by interaction with the environment over a duration T is 
given by 
2
1 TP e
T
−= − . Therefore, a longer T2 time goes a long way to reduce errors caused 
by qubit corruption. 
A spin-based qubit is a coherent superposition of upspin and downspin states, 
which can be written as 
2 2 1
qubit a b
a b
= ↑ + ↓
+ =                                       (1.33) 
where ‘a’ and ‘b’ are complex quantities with a distinct phase relationship between them. 
Quantum logic information is contained in the phase relationship between the complex 
coefficients ‘a’ and ‘b’, which should therefore be maintained precisely. The transverse 
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spin relaxation time T2 is the time it takes for the quantity *a b to decay to zero. This 
quantity is the off-diagonal term in the density matrix 
2 *
2*
a a b
ab b
ρ ⎛ ⎞⎜ ⎟= ⎜ ⎟⎝ ⎠
                                                         (1.34) 
Since its the time for the off-diagonal term to gradually vanish, this time is called the 
transverse spin relaxation time.  
            It is very hard to directly measure the T2 time for a single spin because that requires 
complicated spin echo sequences. A more common (and far easier) approach is to measure 
the ensemble averaged T2 time of many interacting spins since that can be ascertained from 
the line width of electron spin resonance spectrum. The ensemble averaged time is denoted 
by T2*. The T2* time will always be several orders of magnitude smaller than T2 because 
spin-spin interaction is a strong dephasing mechanism. 
 There are many possible routes through which spin dephasing takes place in a 
semiconductor. The more common ones are spin-spin interaction (where the spin of one 
electron interacts with the magnetic field resulting from the spins of all other electrons), 
spin-orbit interaction, hyperfine interaction between electron and nuclear spins, etc. In all 
of these mechanisms, phonons play a role. A phonon does not directly cause spin 
dephasing, but indirectly aids in the dephasing process by providing the energy required to 
transition from the initial state to the final dephased state. Different mechanisms have 
different temperature dependences. If hyperfine interaction is the dominant mechanism 
then the T2* time actually increases with temperature since the effective magnetic field due 
to the nuclear spins decreases with increasing temperature. This happens because thermal 
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fluctuations randomize the nuclear spin moments, reducing the effective nuclear field 
according to  
eff
eff
B
B
N
→
                                                     (1.34) 
where N is the number of nuclear spins the electron interacts with. Although phonons are 
still needed for dephasing (as stated before) and the phonon population increases with 
temperature, that effect is overshadowed by the depolarizing effect of the nuclear field, so 
that the overall temperature dependence is an increasing one where the T2* time increases 
with temperature. 
If spin-spin interaction is the dominant dephasing mechanism, then the T2* time is 
relatively temperature independent. The temperature dependence of the phonon population 
and the temperature dependence of the magnetic field due to other electron spins tend to 
cancel each other out so that the T2* time ultimately has a weak dependence on 
temperature. Note that spin-spin interaction between electrons is mediated by exchange (so 
that only nearest neighbor spins interact; in other words N is a small number), whereas 
(electron) spin-(nuclear) spin interaction is of the contact hyperfine type so that a single 
electron spin interacts with a large number of nuclear spins (N~ 100). This is the source of 
the difference in the temperature dependence between (electron) spin-(electron) spin 
interaction and (electron) spin-(nuclear) spin interaction. 
On the other hand, if spin orbit interaction causes dephasing aided by phonons, then 
the dephasing time will tend to decrease with increasing temperature. The spin-orbit 
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interaction strength is relatively temperature independent, so that the temperature 
dependence of the phonon population is the only one that matters. Hence, the T2* time will 
decrease with increasing temperature if spin-orbit interaction is the main culprit for 
dephasing. 
1.4 Chapters in this dissertation: 
 
Chapter 2: In this chapter we discuss the nanofabrication technique using nanoporous 
alumina method. Using this method we can fabricate highly ordered and size controlled 
nanowires and quantum dots of different materials hosted inside the alumina matrix film.  
Chapter 3: In this chapter we will discuss the size dependent fluorescence spectroscopy of 
ZnSe and Mn doped ZnSe nanowires fabricated by electrochemical self assembly method. 
The nanowires exhibit blue shift in the emission spectrum due to quantum confinement 
effect. Additionally, we report the fluorescence spectroscopy results of Mn doped ZnSe 
nanowires, which shows increasing luminescence intensity with increasing Mn 
concentration. The results are highly encouraging and may find applications in multi 
spectral displays. 
Chapter 4: In this chapter we report field emission from high density 50 nm tapered ZnO 
nanowires. We identified the key issue that can decrease the turn-on voltage and emission 
current density. This key issue is mutual screening of the electric field between 
neighboring nanowires. 
Chapter 5: In this chapter we report optical and magnetic measurement of Mn-doped ZnO 
nanowires. Magnetic measurements show ferromagnetic behavior with a Curie temperature 
of 200 K. 
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Chapter 6: In this chapter we discuss the initial results on ensemble averaged transverse 
spin relaxation time (T2*) in InSb thin films using electron spin resonance measurement.  
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CHAPTER 2: Electrochemical self assembly technique to fabricate 
highly ordered nanowires 
 
2.1 Introduction:  
 There are numerous self assembly techniques that have been pressed into service 
for producing nanostructures [30-32]. Among them the nanoporous alumina technique is a 
very simple process that yields highly ordered and size controlled nanowires and quantum 
dots. The nanoporous template is a vertically standing highly ordered array of pores in an 
alumina film. These porous templates are easy to fabricate and highly reproducible. The 
diameter of the pores can be precisely controlled by varying the electrochemical conditions 
and different materials can be deposited inside the porous template. In this chapter we will 
discuss electrochemical steps involved to fabricate the nanoporous alumina template, 
followed by electrochemical deposition step to form nanowires or quantum dots of 
different materials inside the pores.  
 
2.2 Electrochemical self-assembly 
The basic steps involved in the fabrication of electrochemically self-assembled 
nanostructures using porous alumina technique are 1. Electropolishing, 2. Anodization and 
3. Electrodeposition. We start with a 99.99% pure aluminum foil. The electropolishing 
process reduces surface roughness of the foil giving it a mirror-like finish. Atomic force 
microscopy has shown that the rms surface roughness is reduced to 3 nm.  The anodization 
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process forms a porous alumina film on the electropolished foil. The pore diameter can be 
varied by using different acids during anodization. Anodization in sulfuric acid produces 
pores with a diameter of 10 nm while anodization in oxalic acid forms pores with a 
diameter of 50 nm. Finally chosen materials are selectively electrodeposited within the 
pores to form nanowires or quantum dots dispersed uniformly within the alumina film. The 
detail of the fabrication process is as follows.  
 
2.2.1 Electropolishing 
A 99.997 % pure commercially available Al foil (100 µm thick) is diced into 2cm 
by 2cm coupons. The Al coupons are then degreased in trichloroethane solution and 
washed thoroughly in D.I water. This is followed by electropolishing (using Electromet-4 
Buehler Ltd) the Al foil in a solution consisting of 1050 cc ethyl alcohol, 150cc butyl 
cellosolve, 93cc perchloric acid and 205 cc of distilled water. The optimum voltage and 
time to achieve regular ordered patterns on the Al surface is reported in Ref [33-34]. After 
electropolishing the Al surface, the sample is cleaned several times in D.I water and we get 
a mirror like image on Al surface. In particular two unique highly ordered patterns are 
obtained for two different electropolishing conditions. The first one is called “nanostripes” 
obtained by applying at 40 V dc for 10 sec and second one is the highly ordered egg-carton 
patterns obtained at 60 V dc for 30 sec. A typical topographical AFM image of the highly 
ordered patterns can be seen in the figures below. These highly ordered nanopattern on the 
Al surface can be used as nucleation sites for directed self assembly of nanostructures. 
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Fig. 2.1 Topographical AFM image of an electropolished Al coupons at 40V for 10 sec. 
 
Fig. 2.2 Topographical AFM image of an electropolished Al coupons at 60V for 30 sec. 
These egg-carton features are highly ordered with average 30-50 nm in diameter and about 
3-5 nm in height  
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2.2.2 Anodization  
The electropolished Al coupons are then anodized under appropriate 
electrochemical conditions to get highly ordered pores of different diameter and lengths. In 
our lab anodization is carried out in Perkin-Elmer flat cell. The electropolished sample is 
loaded at one of the end cell that at acts as anode while a platinum mesh on the other side 
of the cell acts as a cathode.  Anodization is performed by applying a dc voltage across the 
two electrodes and a moderately strong acid is used as an electrolyte. A two-step 
anodization process is employed to produce highly ordered pores on the Al surface [35, 
36]. Initial anodization is done for several hours to form a thick porous alumina film on the 
Al surface. This film is then stripped off in hot chromic/phosphoric acid. Second 
anodization step is repeated again for 5 minutes to form another porous alumina film of 
thickness less than 1 μm. Using this procedure, it is possible to get very well regimented 
array of pores over a large area of the sample. The schematic diagram showing complete 
experimental set-up for anodization is shown in the figure below. 
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Fig 2.3 Schematic diagram of the complete experimental setup for anodization 
 
 
Fig. 2.4 Variation of anodization current as a function of time  
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A typical anodization current versus time curve is shown in the above figure. 
During the first few seconds of anodization the current falls rapidly until it reaches a 
minimum value. Beyond the minimum point, the current rises, goes up to a certain value 
and becomes constant.  
The above graph show the four stages involved in the pore formation as a function 
of time. When the voltage source is turned ON, an alumina barrier layer begins to form on 
Al surface. During this time, the current decreases as shown in Stage A of the above graph. 
Stage B corresponds to initiation of pores in the alumina layer. In stage C, pore growth 
continues and stage D corresponds to the steady state when the current becomes constant. 
The net current density “J” shown by the dotted line arises due to two different current 
components as shown in Fig. 2.4. One component, Jb, corresponds to growth of the barrier 
alumina, which decreases with time. The other component Jp, corresponding to pore-
formation which increases with time.  Thus, a competing mechanism of oxide growth and 
oxide dissolution is responsible for the development of the final pore structure.  
The chemical reactions taking place during pore formation is  
2Al + 3H2O = Al2O3 + 6H+ + 6e-                                            (2.1) at anode 
6H+ + 6e- = 3H2                                                                       (2.2) at cathode 
Al2O3 + 6H+ = 2Al3+ + 3H2O                                                  (2.3) dissolution of alumina 
 
The pores grow perpendicular to the Al surface and parallel to each other. They are open at 
the top and closed at the bottom. There is a thin barrier layer of aluminum oxide present 
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between the porous layer and the Al surface. The pore diameter “d”, inter-pore separation 
“D” and pore lengths, “L” are controlled by fabrication conditions, in particular the acid 
used and the voltage applied during anodization.  
An empirical relation that relates the diameter of the pores depends strongly on the pH of 
the acid electrolyte and the applied voltage is given as 
( )pHcD +∝ 12                                                           (2.4) 
)(
)(
9.1864.3 nm
HC
VD +×++= βα                                    (2.5) 
where α and β are constant and their values are 4.2 and 20.8 respectively [37]. We can 
determine the pore density (ρ) using the relation reported in ref [38].  
 ( )2Vd βαρ +=                                                       (2.6) 
where ‘d’ is the diameter of the pores and α and β are the constants.  
 
Figures below are the topographical AFM and SEM images of different diameter pores 
obtained at different anodization conditions. After the final anodization step variety of 
materials can be deposited inside pores by electrochemical deposition process. This step 
will be discussed in the next section. 
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Fig 2.5 SEM of the sample surface anodized in 5 % phosphoric acid at 80 V dc. The 
average pore diameter is ~ 200 nm.  
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Fig 2.6 SEM of the sample surface anodized in 5 % phosphoric acid at 50 V dc. The 
average pore diameter is ~ 100 nm.  
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Fig 2.7 Topographical AFM image of 50 nm pores made using 3% Oxalic acid at 40V dc 
 
 
2.2.3 Electrodeposition technique 
The nanoporous templates formed by anodization are selectively filled with the 
material of interest by electrodeposition process to get quantum dots or nanowires. At the 
end of the deposition, we get a two dimensional quasi-periodic arrays of vertically standing 
nanowires surrounded by alumina. The two types of electrodeposition methods followed in 
general are 1. AC electrodeposition, 2. DC electrodeposition technique. The details of the 
electrodeposition process will be discussed in the next section.  
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2.2.3a DC electrodeposition  
The insulating barrier layer present at the bottom of the pores hinders the dc 
electrodeposition process. We follow a technique called reverse polarity etching technique 
to remove the barrier layer. The anodized sample is mounted on a flat cell containing 1 % 
phosphoric acid as electrolyte to etch the alumina at the bottom of the pores. A small 
negative voltage is applied across the electrodes, when the barrier layer is removed we will 
see a large increase in the electrolytic current since the metallic aluminum surface at the 
pore bottom is now exposed. It indicates that barrier layer at the bottom of the pores is 
removed, thus facilitating the dc electrodeposition process.  
A variety of materials can be electrodeposited inside the pores using dc electrodeposition 
technique. During this process, the anodized Al sheet (after removing the barrier layer) is 
used as cathode and Pt mesh acts as anode. A dc voltage is applied between the electrodes 
containing appropriate electrolyte solution. The ionized metal ions in the electrolyte 
solution are selectively deposited inside the pores since pores offer least resistance path 
between the two electrodes. At the end of the deposition process we get highly ordered 
array of nanowire or quantum dot inside the alumina host matrix. Depending on the 
duration of electrodeposition process it possible to get uniform array of quantum dots or 
nanowires inside the pores. 
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Fig 2.8 Cross section FESEM image of the 50 nm blank pores clearly showing the U-
shaped insulating barrier layer at the bottom of the pores.  
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Fig. 2.9 SEM image of the pore bottom after the reverse polarity etching process. It shows 
that selectively some pores are opened and rest of the pores has very thin barrier layer. 
 
2.2.3b AC electrodeposition of CdS and ZnO nanowires 
This process can be done in the even presence of insulating barrier present at the 
bottom of the pores. A Perkin Elmer flat cell is used for electrodeposition process, in 
which a Pt mesh acts as the cathode and porous alumina film acts as the anode. The 
electrolyte contains non-aqueous solution of the metal bearing salt that is to be deposited 
selectively inside the pores. CdS is electrodeposited inside the porous alumina film in an 
electrolyte consisting of 10.5 g of cadmium perchlorate, 2.5 g of lithium perchlorate and l 
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g of sulfur powder dissolved in 250 ml of dimethyl sulfoxide. In the case of ZnO, cadmium 
perchlorate is replaced by zinc perchlorate. The electrolyte is heated to 90o C and then 
electrodeposition is carried out by applying 25 V AC at a frequency of 250 Hz for few 
minutes. During negative half cycles, Cd++ or Zn++ ions gets deposited at the bottom of the 
pores, since the bottom of the pores offer least resistance path for the current to flow and 
then these ions are reduced to zero valent Cd or Zn. During the positive half cycles Cd or 
Zn will not be re-oxidized due to the valve metal oxide nature of anodic alumina, which 
conducts current preferentially only in one direction namely anodic half cycles. At high 
temperature of the solution, sulfur atoms in the solution react with Cd to form CdS inside 
the pores. In order to produce ZnO, metallic Zn is deposited inside the pores. Once the 
metallic Zn nanowires are formed, the sample is washed thoroughly in D.I water, dried and 
then immersed in hydrogen peroxide solution for 6~8 hours to oxidize the metallic Zn to 
form ZnO nanowires.  
The nanowire lengths can be controlled by monitoring the deposition currents. During the 
initial stage of deposition, current decreases rapidly, reaches a minimum value, and 
stabilizes after few seconds, indicating a steady deposition of the material inside the pores. 
Once the pore is filled to the brim, we can see a sharp rise in the current. Typically, the 
deposition is carried out until this time. The samples are then rinsed thoroughly in D.I. 
water and made ready for characterization.  
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2.4 TEM Characterization of nanowires  
In order to carry out TEM imaging, the semiconductor nanowires have to be released from 
the alumina host. It is done by soaking the sample in hot chromic phosphoric acid, which 
dissolves alumina and the wires are released in the acid. The released wires will not react 
with hot chromic phosphoric acid. The acid containing the wires is collected in a centrifuge 
tube and centrifugation is performed. After centrifugation, the wires are collected at the 
bottom of the tube and excess acid is removed from the tube. This process is repeated until 
all the acid is removed and finally ethyl alcohol is added. Ultrasonication is carried out to 
release the wire from the bottom of the tube. The dispersed wires are captured in a 
formwar polymer coated TEM grid and imaging is carried out. TEM image of an isolated 
50 nm ZnO nanowire is shown below 
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Fig. 2.10 Transmission electron micrograph of an isolated zinc oxide nanowire 
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 Chapter 3. Fluorescence spectroscopy of electrochemically self 
assembled ZnSe and Mn:ZnSe nanowires*  
 
 
 
Abstract 
 
 
We report room temperature fluorescence spectroscopy (FL) studies of ZnSe and Mn-
doped ZnSe nanowires of different diameters (25-, 50 nm) produced by electrochemical 
self-assembly technique. The nanowire samples exhibit blue shift in the band edge 
fluorescence with decreasing wire diameter because of quantum confinement. The 25- and 
50-nm diameter wires show only a single FL peak due to band-to-band electron-hole 
recombination with blue shift in wavelength energy. In the case of Mn doped ZnSe 
nanowires shows a large increase in the luminescence intensity with increase in Mn 
concentration.  
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3.1 Introduction 
 
Quasi one dimensional semiconductor structures, such as nanorods, nanotubes, 
nanowires, etc., have attracted significant attention in recent years because of the unique 
dependence of their electrical and optical properties on size and shape [39-41]. Zinc 
selenide (ZnSe) is a II-VI compound semiconductor with a bulk band gap of 2.67 eV at 
room temperature [42]. When fashioned into nanowires, the effective band gap increases 
owing to quantum confinement of electrons and holes. This is manifested as a blue shift in 
the band edge photoluminescence. Quantum confinement also increases the binding energy 
of excitons, particularly when the effective wire radius (the radius of the potential well 
confining excitons in the wire) becomes smaller than the Bohr radius of excitons in the 
bulk material. The increased binding energy has applications in non-linear optical devices 
[43]. 
ZnSe nanowires can be synthesized by different techniques [44, 45]. In this work, 
we have used template-based electrochemical self-assembly [46, 47] to fabricate wires of 
three different diameters. Some of the nanowires were “doped” with Mn to form dilute 
magnetic semiconductor (DMS) nanowires. DMS materials are known to exhibit intriguing 
magnetic and magneto-optical effects caused by sp-d exchange interaction between the 
semiconductor and transition metal ions [48-50].  There are several reports on transition 
metal doped semiconductor nanostructures such as ZnS [49], CdS [50] and ZnO [51], 
where Mn was successfully incorporated in the nanowire lattice. There is, however, little 
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work on the optical characterization of DMS nanowires and the dependence of the 
emission spectra on the size (quantum confinement). In this work, we have systematically 
studied this dependence at room temperature.  
This chapter is organized as follows. In section 3.2, we describe nanowire 
synthesis. In sections 3.3 and 3.4, we discuss the FL spectra of ZnSe nanowires and Mn-
doped ZnSe nanowires, respectively. Finally, in section 3.5, we present the conclusions.  
 
 
3.2 Electrochemical self-assembly process to fabricate ZnSe and Mn doped ZnSe 
nanowires 
 
The ZnSe and Mn:ZnSe nanowires are produced by electrochemical self-assembly 
method. We start with a 99.9997 % pure Al foil (0.1 mm thickness) which is diced into 
coupons of 1.5 cm × 1 cm area. These coupons are electro-polished in a solution of ethyl 
alcohol, butyl cellosolve, perchloric acid and de-ionized water to produce a mirror like 
surface with surface roughness < 5 nm [52-53]. They are then anodized in either 15% 
sulfuric acid or 0.3M oxalic acid at room temperature with different current densities. 
Anodization results in the formation of a nanoporous alumina film on the surface of the 
aluminum foil. This film is stripped off in hot chromic/phosphoric acid and the anodization 
is repeated. After a few such steps, the final film that is produced contains well ordered 
pores of a fixed diameter [36]. Anodization in sulfuric acid produces pores of 10±1 nm 
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diameter, while anodization in oxalic acid results in pores of either 25±1 or 50±1 nm 
diameter, depending on the current density used. The oxalic-acid-anodized films contain 
very well regimented arrays of pores, in hexagonal closed packed symmetry, within 
domains that are about 1 μm in diameter.  
ZnSe is electrodeposited selectively within the pores to produce cylindrical 
nanowires that are either10, 25 or 50 nm in diameter. Electrodeposition is carried out in a 
non-aqueous solution comprising zinc perchlorate, lithium perchlorate and selenium 
powder dissolved in dimethyl sulfoxide [54]. For Mn:ZnSe nanowires, manganese 
perchlorate is added to the electrolyte. The concentration of Mn is varied by simply 
changing the Zn/Mn precursor ratio by weight. The amount of Mn incorporated in the 
nanowires is very small, typically few percent. The electrolyte is heated to 100o C and the 
electrodeposition is carried out by applying a sinusoidal ac voltage of 25 V rms (frequency 
250 Hz) for several minutes. During the negative ac cycle, the Zn2+ ion in the electrolyte is 
reduced to zero-valent Zn atom and selectively goes into the pores since they offer the least 
impedance path for the ac current to flow. During the positive ac cycle, the Zn atom is not 
re-oxidized to Zn2+ ion since alumina is a valve metal oxide that conducts only in one 
direction. The deposited zinc reacts with selenium at the high temperature of the solution 
to form ZnSe inside the pores. If Mn is present, then some of the Zn atoms are substituted 
by Mn atoms. At the end of the deposition, we have an ordered array of nanowires 
vertically standing in an alumina matrix. The wire lengths vary between 250 nm and 1µm.  
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Fig. 3.1 Shows the Topographical AFM image of the sample surface obtained by 
anodization process, (a) 50nm pores and (b) 25 nm pores. We varied the anodization 
conditions to get different diameter pores.  
 
3.3 Fluorescence spectroscopy of ZnSe nanowires 
Several groups have reported photoluminescence in ZnSe nanowires originating from 
band gap (trap) states. They typically find no band edge emission due to direct band-to-
band electron-hole recombination since the quantum efficiency of this process is relatively 
small [55-57]. We carried out FL spectroscopy studies of the nanowires at room 
temperature using a JY Horiba Fluoromax-3 and Fluorolog Tau-3 spectrometer (Xenon arc 
lamp). The samples were excited at 375 nm wavelength, which corresponds to incident 
photon energy of 3.3 eV, well above the bulk band gap energy of ZnSe. The emission 
spectra were recorded for two different wire diameters (25- and 50-nm). Fig. 3.2a, 3.2b 
shows the FL emission spectra for two different sets of ZnSe nanowire samples. The 
spectra are almost identical for the two different sets, showing that they are repeatable and 
therefore intrinsic. 
 
3.3.1. FL spectra of 25- and 50-nm diameter ZnSe nanowires 
In the case of 25- and 50-nm diameter undoped ZnSe nanowire FL spectra show a 
single peak above the bulk band gap energy and do not show the low energy peaks due to 
surface and bulk trap states. The single peak must be due to band-to-band electron hole 
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recombination, and not exciton recombination. This is because the exciton binding energy 
in these wires, whose radii are larger than the exciton Bohr radius in bulk ZnSe (4.5 nm) 
[61], is not expected to be significantly enhanced and should remain at or close to the bulk 
value of 21 meV [61]. Since this value is smaller than the room temperature thermal 
energy (kT = 26 meV), the excitons are thermally ionized.  Therefore, we did not see the 
exciton peak. 
The band-to-band electron-hole recombination peaks in both the 25- and 50-nm 
samples are blue shifted from the bulk band gap because of quantum confinement. We 
observed a of  blue shift is 20 meV in 50 nm wires and 25 nm wires shows larger blue shift 
of 120 meV compared to the bulk band gap of ZnSe. Clearly, the blue shift increases with 
decreasing wire diameter, which is consistent with quantum confinement causing the blue-
shift.  
 
In order to rule out the interference peaks associated with back reflection from the 
alumina-aluminum interface since then they would have appeared in FL spectra of the 
nanowire samples1. The reflectance spectra of blank samples show no features (the 
spectrum is nearly flat), which speaks against interference. This spectrum is shown in Fig. 
3.2(c). More importantly, the FL spectrum does not change with varying angle of 
                                                 
1 Normally, FL emission is incoherent light and one would not expect to see any interference effect. 
However, there is some evidence that FL or PL emission can be coherent [58, 59]. To our knowledge, the 
origin of this coherence has never been explained. Nonetheless, the coherence is an experimentally 
established fact and therefore interference cannot be ruled out without proper consideration. 
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incidence which conclusively eliminates interference as the cause of the features in the FL 
spectra. The dependence on the angle of incidence is shown in Fig. 3.2(d) and 3.2 (e). 
 
 
 
a 
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b 
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c 
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d 25 nm 
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Fig. 3.2 Fluorescence spectroscopy of ZnSe nanowires of 25-, 50 nm diameter samples 
recorded at room temperature. Figs (a) and (b) shows the spectra for two different sets of 
samples. Both the samples exhibit quantum confinement effect, which increases the 
effective band gap of the semiconductor. Fig. (c) shows the reflectance spectrum from a 
blank porous alumina template (with three different pore sizes) and Figs. (d-e) shows that 
the spectrum is independent of incidence angle, thereby eliminating interference as a cause 
of the observed features in (d) 25-nm and (e) 50-nm diameter wires. 
 
e 50 nm
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3.4 FL spectroscopy of Mn-doped ZnSe nanowires 
Luminescence spectroscopy of transition metal doped semiconductor nanowires has 
been reported by several different research groups [49-51], but there is scant data on the 
size dependence of the emission properties. Figure below shows the diameter (size) 
dependence of the FL spectra of Mn-doped ZnSe nanowires, and Figs. 3.3-3.4 show the 
comparison spectra for two different Mn-concentrations.  
 
 
Fig. 3.3 FL spectroscopy comparison of heavily (a) and lightly (b) Mn-doped 25 nm ZnSe 
nanowires.  
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Fig. 3.4 FL spectroscopy comparison of heavily (a) and lightly (b) Mn-doped 50 nm ZnSe 
nanowires. We can observe a huge change in the luminescence intensity and also the peak 
position is red-shifted with the increase in Mn-doping concentration. 
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3.4.1 The FL spectra of 25- and 50-nm diameter Mn: ZnSe samples 
The 25 nm heavily doped samples show a single broad peak centered at 467 nm 
wavelength. Compared to the undoped samples (see Fig. 3.2(b)), this peak is red-shifted by 
24 nm in wavelength (or 150 meV in energy). This red-shift is too large to be explained by 
band tailing or band gap narrowing effects. Therefore, most likely, this peak is not due to 
band-to-band electron-hole recombination at all, but rather due to emission from trap states 
introduced by the Mn2+ ions. These ions may introduce an impurity level approximately 
150 meV below the (blue-shifted) conduction band edge. A photo-excited carrier first 
decays non-radiatively to this impurity level from the conduction band (emitting phonons) 
and then decays radiatively to the valence band by recombining with a hole. Such a process 
would account for the observed peak. 
Finally, the 50 nm heavily doped samples show multiple peaks centered at 461, 
502, 560 nm wavelengths. The first is 3nm red-shifted compared to undoped ZnSe 
nanowires due to band gap narrowing caused by the Mn-doping. The second peak is 
probably due to emission from Mn levels in the band gap, and the third can be assigned to 
the 4T1-6A1 d-d ligand transition associated with the Mn2+ impurity level [50, 63].  
The influence of Mn2+ concentration on the luminescence intensity is shown in 
Figs. 3.4-3.5. These two figures show the data for 25- and 50-nm diameter nanowires. 
Each figure shows the spectra for light and heavy doping. Note that the FL spectra of the 
lightly doped samples approximate the spectra of the undoped samples. The intensity 
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increases appreciably with increasing Mn-concentration. Similar results were obtained in 
Mn-doped ZnS and CdS nanowires, where the luminescence intensity increased linearly 
with Mn-doping concentration [11, 12]. The red shift in the peak position also increases 
with increasing Mn-doping, which indicates that by changing the doping concentration, we 
can tune both intensity and the wavelength of the emission peak. This obviously has device 
applications in multi-spectra displays. 
 
3.5 Conclusion 
 
We have studied the dependence of the FL spectra of ZnSe nanowires on wire 
diameter. We also observed that increasing the Mn-concentration red-shifts the emission 
peak to longer wavelength while, at the same time, the emission intensity increases 
significantly. Thus, Mn-doping can be gainfully employed to tune the emission wavelength 
and intensity of light emitting devices based on Mn: ZnSe nanowires. 
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Chapter 4. Zinc Oxide nanowire based field emitters 
 
 
Abstract: 
 
We report the field emission properties of 50 nm diameter ZnO nanowires that 
were electrochemically self-assembled within pores of an anodic alumina film. Current 
versus voltage measurements of Fowler-Nordheim tunneling current indicates that the 
turn-on field is 15 Vµm-1 and the field enhancement factor β calculated for two set of 
samples turned out to be 670 and 1481, respectively (theoretical value for β in bulk ZnO is 
205). The enhancement in β is most likely due to the large aspect ratio of the nanowires. 
Variation in the length of the nanowires causes screening which increases the turn-on field 
and reduces the emission current density. The current-voltage characteristics of the wires 
are non-linear and show a rectifying behavior. 
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4.1 Introduction:  
 
Semiconducting and semi-metallic nanostructures such as nanorods, nanowires, 
nanotubes, etc., have recently attracted significant attention because of their potential 
applications in vacuum electronics [64-67]. High aspect ratio nanowire semiconductor 
materials are excellent candidates for field emitters because of the unique tip geometry and 
apex structures that can enhance the local field emission at the nanowire tips. By varying 
the radius of curvature of the tips, it is possible to increase the local electric field at the tip 
and thus drastically reduce the turn-on voltage while at the same time increase the field 
emission current. This has established nanowires as the primary choice for field emitters. 
Extensive research has been carried out on carbon nanotubes (CNT) based field 
emitters which exhibit high field enhancement factor and low turn-on voltage [88-89]. 
Rare earth monosulfide (e.g. LaS) nanowires are also excellent field emitters because of 
the low work function of the monosulfides [86-87]. Recently, ZnO has become a popular 
material for field emitters owing to its high electron affinity, high melting point and 
chemical stability in vacuum environment [68-69]. ZnO nanowires can be fabricated by 
different methods such as VLS technique, chemical vapor deposition technique, template 
assisted methods [70-71, 74], etc. These fabrication techniques unfortunately have the 
severe shortcoming that nanowires can bundle up with each other and it is very hard to 
control their diameter precisely. These shortcomings can be overcome if we adopt a unique 
fabrication technique using porous anodic alumina templates to grow highly ordered ZnO 
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nanowires within the pores using electrochemical deposition technique. The nanowire 
(active emitter) density achievable in this approach varies from 109/cm2 to 1011/cm2 
depending on the technique adopted to anodize aluminum. If the anodization is carried out 
in oxalic acid, the pore (and hence the nanowire) diameter will be 50 nm and the emitter 
density will be 109/cm2. On the other hand, if the anodization is performed in sulfuric acid, 
the pore (and nanowire) diameter becomes 10 nm and the emitter density increases to 
1011/cm2 [52]. A very high density, however, may be counter-productive since there may 
be mutual screening among densely packed nanowires that reduces the emission efficiency. 
Here, we report the field emission results of tapered ZnO nanowires produced in anodic 
films prepared by oxalic acid anodization. The wire diameter is 50 nm and the wire density 
is 109/cm2. We also report their I-V characteristics.  
 
4.2 Tapered ZnO nanowire Fabrication: 
 Electrochemical self assembly of ZnO nanowires in porous anodic alumina films 
essentially consists of four steps: (1) anodization of an aluminum foil in 0.3 M oxalic acid 
with a dc voltage of 40 V to produce an alumina film containing a well-regimented array of 
50-nm diameter pores, (2) removal of the barrier layer at the bottom of the pores using a 
reverse polarity etching process [90], which exposes the underlying aluminum at the pore 
botttom, (3) selective electrodeposition of Zn in the pores from solution of ZnSO4 using an 
ac voltage source, and (4) oxidation of the Zn to ZnO by soaking in H2O2. Details of the 
63 
steps can be found in Ref [72]. After synthesis of the wires is complete, we etch the surface 
of the host alumina film slightly so that the nanowire tips are exposed and protrude over 
the surface. For this purpose, the sample is etched in hot chromic/phosphoric acid for 3 
min, followed by repeated rinsing in D.I water and air-drying. These samples are then 
imaged with an atomic force microscope (AFM). Fig. 1 is an AFM micrograph that clearly 
shows the exposed ZnO nanowire tips. The process of etching makes the wire tips conical, 
which causes local field enhancement at the tip and reduces the turn-on voltage for field 
emission, while at the same time, increasing the emission current. Cross-sectional imaging 
(Fig. 2) showed that the tips extend ~30 nm above the surface. 
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Fig. 4.1 Topographical AFM image of a sample showing tapered ZnO nanowires 
protruding from some of the pores. 
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Fig. 4.2 Based on the sectional analysis we can estimate the height of the exposed 
nanowires protruding above the surface of the host is ~ 30 nm. 
 
4.3 Electrical Characterization of Tapered ZnO nanowires: 
 
For measuring the current-voltage (I-V) characteristics, electrical contacts are made 
at the top and bottom of the ZnO nanowires. Contact from the top is made by evaporating a 
gold film, and contact from the bottom is made by connecting to the aluminum substrate. I-
V measurement is carried out using a Semiconductor Parameter Analyzer (HP 4156). We 
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observe a non-linear rectifying characteristic behavior due to the 
metal/semiconductor/metal junctions. This is due to the two Schottky barrier junctions 
connected in series at the end of the nanowires. Figure below shows the I-V characteristics 
of ZnO nanowires recorded at room temperature.  
 
Fig.4.3 Current versus voltage characteristic showing non-linear rectifying behavior of  
ZnO nanowires 
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4.4 Field emission characterization: 
 Field emission measurement was carried out in a vacuum chamber with an ambient 
pressure of 1.9×10-6 Torr at 300 K. The opening spacer is 0.2 cm x 0.2 cm to cover a large 
area of the sample and the inter-electrode distance ‘d’ between the nanowire tip and the 
scanning anode was maintained at 150 µm. A negative voltage was applied on the sample 
(cathode) and a positive voltage was applied on the collector side (anode). The applied 
electric field was increased in steps of 0.5 V µm-1 and the emission current was recorded 
using a picco-ammeter and digitally stored. Fig. 3 shows the field emission plot for two 
different samples. When the applied field reaches 15 V µm-1 or larger, the emission current 
increases rapidly, indicating that the turn-on field is ~ 15 V µm-1. In some samples, no 
appreciable emission current was observed when a large negative voltage was applied, 
possibly due to incomplete removal of the barrier layer at the pore bottom, or perhaps due 
to species absorbed on the surface. The insulating barrier layer is removed by a reverse 
polarity etching procedure [90], which may not be always successful. 
It is also important to note that when a large area of the sample is interrogated 
during field emission measurement, the length of nanowires within such a large area can 
vary significantly (few hundred nm – few microns). This causes screening effects whereby 
electric field lines emanating from the shorter nanowires due to the applied voltage 
penetrate into the field lines of taller nanowire emitters, thereby reducing the local electric 
field strength and the emission current. This has the effect of increasing the threshold 
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voltage for the onset of field emission [73]. Screening is the likely reason why we did not 
see higher emission current in our tapered ZnO nanowires.  
 
 
Fig. 4.4 Field emission current-voltage characteristics of tapered ZnO nanowires recorded 
for two sets of samples (red and black). 
 
Field emitters emit electrons into the vacuum by Fowler-Nordheim tunneling. The current-
voltage relation obeys the Fowler-Nordheim (FN) equation.  
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where J is the current density (A/m2), V is the applied voltage, Φ is the work function of 
ZnO material ~ 5.3 eV, β is the geometric field enhancement factor due to the tapering of 
the emitter tips, a = 1.56×10-10 A-eV-V-2 and b = 6.83×109 V eV-3/2 m-1. By plotting  
ln (I/V2) versus (1/V), we can find β. Such a plot is called a Fowler-Nordheim (FN) plot. 
Fig. 4.4 shows the measured current versus voltage characteristic in vacuum and Fig. 4.5 is 
the corresponding Fowler-Nordheim plot for tapered ZnO nanowires. In the linear region 
of this plot, the slope is given by 
3
2b ds l o p e φβ=                                              (4.2) 
where d is the inter electrode distance, b =6.83×109 V eV-3/2 m-1 and Φ is the work function 
of ZnO material (5.3 eV) [91-92]. From the measured slope, we estimated the enhancement 
factor ‘β’ for two set of samples and found them to be 670 and 1481, respectively.  
 
Ref [68] reports an empirical relation between the field enhancement factor β, the inter-
electrode distance d, the tip’s radius of curvature r and the screening factor s (ranging from 
0-1). It is given by  
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r
ds+≅ 1β                                                             (4.3) 
If we make a reasonable assumption that the radius of curvature of the tip is 25 nm (which 
is the radius of the wire) and take the value of β to be 1075 (which is the average of the 
two values calculated from the slope of the F-N plot), we obtain that the screening factor s 
= 0.18. This indicates significant screening due to varying length of the nanowires (the 
smaller the value of s, more severe is the screening).  
 
 
Fig. 4.5 Fowler-Nordheim plot of the field emission current. From the slope of the linear 
region, we can estimate the field enhancement factor. The data is shown for two sets of 
samples (red and black). 
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4.5 Conclusion: 
In conclusion, we report the field emission measurement of tapered ZnO nanowires arrays 
fabricated by electrochemical self assembly technique. Based on our results we conclude 
that screening effect caused by severe length variation in nanowires has direct impact on 
the emission current. It reduces the field enhancement factor and thus also reduces the 
emission current density. The situation might improve if we use dc electrodepsotion of Zn 
within the pores instead of ac electrodeposition since the former often produces more 
uniform wire length than the latter.  
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 Chapter 5. Magnetic and optical characterization of Mn-doped 
Zinc Oxide nanowires  
 
 
 
Abstract: 
 
 
We report magnetic and optical characterization of Mn doped ZnO nanowires 
fabricated by electrochemical self assembly. The nanowires exhibit ferromagnetic behavior 
until 200K. The coercivity of these of these nanowires at 5K is ~80 Oe and decreases with 
increasing temperature. We also carried out fluorescence spectroscopy of Mn doped ZnO 
nanowires at room temperature. The spectral peaks of doped nanowires are shifted to lower 
energy (red-shift) compared to undoped nanowires, either because of band tailing (band-
gap narrowing) caused by the Mn dopants or strain introduced by the dopants. We did not 
observe any Mn impurity peaks in the emission spectra possibly because the concentration 
of Mn is too small, which then seems to indicate that the red-shift is most likely due to 
strain. 
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5.1 Introduction 
 
ZnO is a wide band gap (3.37 eV) semiconductor that has attracted a lot of 
attention for electronic, optoelectronic, photonic and spintronic applications [75-78]. By 
doping ZnO with Mn (few percent) it is possible to produce a dilute magnetic 
semiconductor (DMS) that behaves as a ferromagnet with a reasonably high Curie 
temperature [79]. DMS materials are expected to be excellent spin-injectors for injecting 
spin polarized carriers into semiconducting paramagnets with high spin injection efficiency 
because of the absence of conductivity mismatch that occurs between a metal ferromagnet 
and semiconducting paramagnet [80].  There are numerous reports of ferromagnetism and 
anti-ferromagnetism in transition metal doped ZnO showing contradictory results [81-84]. 
The major reason for these inconsistent results might be different sample fabrication 
techniques employed to form the DMS material, which result in different material 
properties. Our motivation is to study the magnetic properties of doped Zn1-yXyO (where 
X= Mn, Cr, Co, Ni, Fe) nanowires. We report the synthesis of Mn-doped ZnO nanowires 
using electrochemical self assembly technique. These samples exhibit unmistakable 
ferromagnetic behavior up to 200K. We also carried out room temperature fluorescence 
spectroscopy that revealed a red shift in the exciton peak in the nanowires accruing from 
the Mn impurity doping. The organization of this chapter is as follows: Section 5.2 details 
sample fabrication, section 5.3 presents magnetic characterization results, section 5.4 
describes fluorescence spectroscopy results and section 5.5 summarizes the conclusions. 
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5.2 Manganese doped ZnO nanowire Fabrication: 
We employ the time-honored porous alumina technique to fabricate a well ordered 
array of nanowires [52]. DC electrodeposition of ZnMnO within the pores of an anodic 
alumina film is done in an electrolyte consisting of 0.1 M zinc percholorate, manganese 
percholorate (5%), and 2.5g of Lithium percholorate dissolved in 250 ml of DSMO. The 
electrolyte solution is heated to 80° C and deposition is carried out by applying a -2.5 V 
bias between the sample and a platinum mesh electrode for 25 min to form long Zn1-xMnx 
nanowires selectively within the pores. The samples are soaked in hydrogen peroxide 
solution for many hours to oxidize the nanowires to ZnMnO. Several samples are 
fabricated to carry out magnetic measurements. The samples are etched in mercuric 
chloride solution to remove the Al film at the bottom and the released thin alumina matrix 
film hosting the nanowires is washed several times in D.I water and dried.  
An SEM image of the samples is shown in Fig. 5.1 and the EDS spectra (Fig 5.2) obtained 
indicate the presence of Mn in the nanowires. 
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Fig. 5.1 shows the topographical image of the sample surface of ZnMnO hosted inside the 
50nm alumina matrix film.  
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Fig 5.2 shows the EDS spectra of ZnMnO nanowires, which indicate the presence of Mn in 
the nanowires.  
 
5.3 Low Temperature magnetic measurement (Hysterisis measurement) 
Magnetic measurement is carried out in PPMS measurement system (Quantum 
Design) using ACMS software. The density of nanowires in the anodic film is between 
2×1010 cm-2 and 1011 cm-2. Since our samples have an area of less than 1 cm2, we have less 
than 5×1011 nanowires in any one sample, which do not produce a magnetic moment 
strong enough for detection in the PPMS apparatus (this apparatus has a least count for 10-4 
emu). Therefore, several samples are stacked together to produce a magnetic signal strong 
enough for detection in our apparatus. The hysterisis measurement (measurement of 
magnetic moment versus magnetic field) was carried out at different temperatures and we 
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observed ferromagnetic behavior till 200K. The figure below shows the hysterisis 
characteristics recorded at 5K-200K. These are raw data points and we did not subtract the 
diamagnetic contribution from the alumina template. We can clearly see a ferromagnetic 
signature in Mn doped ZnO samples since there is a non-zero coercive field up to 200 K.  
 
Fig. 5.3 Hysterisis measurement of Mn-doped ZnO nanowires (5 % of Mn is doped in the 
solution). Coercivity of the sample at 5 K is around ~80 Oe.  
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Fig. 5.4 Graph shows the temperature dependence of the coercivity of the nanowires. The 
Curie temperature TC is about 200K.  
 
5.4 Fluorescence spectroscopy of Mn-doped ZnO nanowires: 
 
The fluorescence (FL) or photoluminescence (PL) spectra of the nanowires were 
obtained by exciting the samples with a xenon arc lamp and collecting the emitted photons 
with a Fluorolog Tau-3 spectrometer. The spectra of 50 nm diameter ZnO and Mn-doped 
ZnO nanowires are compared. The FL spectra exhibit multiple peaks associated with 
exciton recombination peak and defects levels, but the 50 nm Mn doped ZnO nanowires 
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show a red shift (~ 20 nm) in the high frequency peak (exciton peak) due to Mn impurity 
doping. We did not see any spectral peak due to Mn2+ states, which indicates that Mn ions 
are “dilute” and do not form an impurity band with reasonable density of states. The red-
shift is most likely due to strain caused by the incorporation of the Mn-atoms in the host 
lattice. 
 
 
Fig. 5.5 FL spectroscopy of ZnO and Mn-doped ZnO nanorods recorded at room 
temperature. A red-shift of 20 nm is observed in ZnMnO nanowires due to Mn-impurity 
doping.  
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5.5 Conclusion: 
In conclusion, we observed ferromagnetic behavior in ZnMnO nanowires till 200 
K. The optical characterization revealed a red-shift in the band-edge luminescence due to 
Mn impurity ions and we did not observe any luminescence from the Mn2+ impurity states, 
which indicates that the concentration of Mn is reasonably small, yet high enough to 
produce an EDS signal and ferromagnetism in the nanowires.  
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Chapter 6. Spin life time studies in InSb thin films 
 
Abstract: 
 
We report transverse ensemble spin relaxation time (T2*) studies in indium 
antimonide (InSb) thin films using electron spin resonance technique. The InSb thin film is 
fabricated by thermally evaporation technique. The film is uniformly deposited on a silicon 
substrate and Dektak measurement is done to determine the actual film thickness which is 
found to be 50nm. Based on the observed first order derivative ESR signal we calculated 
the g-factor of the thin film as 9.18 at 3.5K. The calculated T2* time is extremely short, 
which is 22.5 psec at 3.5K and decreases rapidly with increase in temperature in the range 
3.5 K-20 K. The major source of spin dephasing mechanism is due to the strong spin orbit 
interaction mediated by phonon absorption and emission contributing to the faster spin 
relaxation rate. This is consistent with the theoretical prediction, since spin-orbit 
interaction in InSb (Δ = 0.9 eV) is known to be very strong and the observed temperature 
dependence seems to confirm it. 
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6.1 Introduction: 
 Indium antimonide (Eg ~ 0.17 eV) is a narrow band gap semiconductor which has 
unique material properties such as high electron mobility, large g-factor, small effective 
mass and large spin orbit coupling strength, which seemingly make it attractive for a wide 
range of emerging spintronic applications [94-96]. InSb also appears to be the ideal 
material for the realization of Spin Field Effect Transistors (SPINFETs) due to the strong 
spin-orbit interactions, where a gate induced electric field is used to induce spin-precession 
of carriers in the transistor channel [18, 20, and 93]. The source and drain contacts are 
ferromagnetic and act as spin polarizers and analyzers. The source injects polarized spins, 
the gate rotates the spin polarization via spin-orbit interaction, and the drain either 
transmits the spins or blocks them depending on the angle by which the gate rotates the 
plane of spin polarization. If the rotation is by an even multiple of π, the drain transmits the 
spins and the channel current is large, while if the rotation is by an odd multiple of π, the 
drain blocks the spins and the channel current is small.  Thus, transistor action is realized. 
Materials with strong spin-orbit interaction are preferred for the channel since then a small 
swing in the gate voltage can cause a large modulation in the source-to-drain current, 
resulting in a large transconductance and transistor “gain”.  
It is also possible to electrically engineer the g-factor in InSb that can find 
applications in quantum information processing and quantum telecommunication [97]. 
This motivated us to measure the ensemble averaged transverse spin relaxation time (T2*) 
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in InSb using the ESR technique, since ultimately this time will determine how long lived 
an injected spin is in the material. The InSb thin films were fabricated by thermal 
evaporation technique. The ESR measurements were performed at liquid helium 
temperatures and we will discuss the ESR results of InSb thin films in this chapter. 
  
6.2 Fabrication of InSb thin film: 
 
We fabricated InSb thin films on Si substrate using thermal evaporation technique. 
The deposition was performed under high vacuum (3.5×10-7 Torr), and 50 nm of InSb film 
was uniformly deposited on the substrate from a commercially available pellets that was 
reported as 99.999% pure. Surface profiler measurement was carried out to determine the 
actual film thickness and it is shown in the fig 6.1 and fig 6.2 shows the EDS spectra of the 
thin films that confirms the presence of InSb. Fig 6.3 shows the EDS spectra obtained from 
Ref [100], which looks similar to our EDS data. The sample is then cut in to small pieces 
and mounted on a quartz tube to carry out ESR measurements. The measurements were 
carried out over a temperature range extending from 3.5 K to 20 K. Above 20 K, the 
strength of the ESR signal fades and falls below the equipment’s sensitivity. 
 
84 
 
Fig. 6.1 Dektak measurement is carried out to determine the thickness of InSb film 
deposited using thermal evaporation technique. The measured thickness is of the film is 
very close the desired film thickness.  
 
Fig. 6.2 EDS spectra of InSb thin films deposited on Si substrate 
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Fig. 6.3 EDS spectra of InSb thin films deposited on KCl substrate at 373K by thermal 
evaporation technique. The image the taken from the Ref[100]. 
 
 
6.3 ESR measurement of InSb thin films: Results and discussion 
 
The magnetic field derivative of the electron spin resonance spectra obtained with a 
Bruker BioSpin system at different temperatures is shown in the plot below. The sample is 
placed in a microwave cavity and a dc magnetic field is applied to induce spin-splitting via 
the Zeeman interaction. When the spin splitting energy is resonant with the energy of the 
microwave photons, the latter are absorbed to induce transitions between the two spin-split 
levels. This resonance condition is given by 
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                                             microwave B dchf g Bμ=                                         (6.1) 
where microwavef is the frequency of the microwave (9.38 GHz) in our X-band cavity, g is the 
Landé g-factor of the sample, Bμ (=
02
e
m
h ) is the Bohr magneton (9.27×10-24 J/Tesla) and 
dcB is the flux density of the dc magnetic field. Therefore, from the magnetic field at which 
resonance peak occurs, we can find the g-factor of the sample. 
Based on the ESR spectra, we see that there is a strong and narrow peak at ~ 3300 
Gauss field corresponding to a g-factor of ~2.0, which we know corresponds to the g-factor 
of silicon. However, there is a weaker and much broader peak centered at a magnetic field 
of 736 Gauss, which corresponds to a g-factor of 9.18. This must be the signal from the 
InSb thin film. The g-factor of bulk InSb is reported to be -51 [98], whereas the measured 
g-factor in the thin film is a factor of 6 smaller.  
There are many possible causes for the reduction in the g-factor. The primary 
suspect is poor quality of the film (impurities, polycrystallanity) and secondary suspects 
are inter-diffusion of species from the Si substrate into the film.  
 To reduce the defects and also to improve the crystalline quality of the film, 
annealing was done at 300o C for 12 hours. The ESR measurement did not show any first 
derivative signal from the annealed samples possibly due to significant linewidth 
broadening. 
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From the measured peak widths of the ESR signal, which resembles a Lorentzian 
lineshape, we can ascertain the T2* time using the formula: 
                                      ( )ppe BgT Δ⎟⎠⎞⎜⎝⎛
=
32
1*
2 γ                                   (6.2) 
 
where γe is the electronic magnetogyric ratio (1.76 × 107 G -1s -1), g is the Landé g-factor 
and ΔBpp is the full-width-at-half-maximum of the ESR lineshape, scaled down by a factor 
of  √3 (due to Lorentzian shape of the absorption curve).  
 
The measured T2* time is plotted as a function of temperature in the range 3.5 K – 
20 K as shown in fig 6.4. It decreases from 22.5 psec to about 3.5 psec. This temperature 
dependence is consistent with dephasing due to spin-orbit interaction mediated by phonon 
absorption and emission. Since spin-orbit interaction in InSb is known to be very strong (Δ 
= 0.9 eV [99]), we expected this mechanism to be dominant and the observed temperature 
dependence seems to confirm it. 
 
The absolute value of the T2* time is however very small (few psec) which makes this 
material a poor choice for any spintronic application that demands a long dephasing time. 
Thus, even though it has a large g-factor and a strong-orbit interaction, it is unsuitable for 
quantum computing applications. 
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Fig. 6.4 First derivative of the ESR signal as a function of magnetic field at various 
temperatures. The peaks observed at low magnetic field (~ 730 Guass) is due to InSb thin 
films and the peak observed at ~ 3300 Guass is the signal from the silicon substrate. In the 
case of InSb thin film peak, we can observe that as the temperature increases the distance 
between the positive and negative peaks also increases.  
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Fig 6.5 plot shows the T2* (Seconds) Vs temperature, it clearly shows that T2* time 
decreases rapidly with temperature. 
 
 
6.4 Conclusion: 
We studied the transverse ensemble spin relaxation time (T2*) of InSb thin film using 
Electron spin resonance technique. The T2* decreases rapidly with increases in temperature 
due to strong spin orbit interaction by phonon absorption and emission process consistent 
with theoretical and previously published experimental reports. 
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